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ABSTRACT
The IC and MEMS industry has been plagued by the problem of residual stresses that
result from the deposition ofmaterials on silicon. The residual stresses can induce the de-
lamination of the thin firms, impede subsequent processing steps, or adversely effect the
final geometry and performance of thicker films used in MEMS. The current research
introduces a novel approach using a multi-layer sandwich composite approach to control
residual stresses in a MEMS device, as well as to control the final geometry of the device.
The method uses different materials and/or processing parameters, to create a stress
-
neutral laminate by balancing alternating layers of materials that individually possess
tensile or compressive residual stresses.
The current method for controlling residual stress in a structured MEMS device
includes selecting a total thickness and an overall equivalent stress for the structure. A
thickness for each of at least one set of alternating first and second layers of deposited
material is employed to control an internal stress with respect to the neutral axis of each
material layer. Then, by alternating first and second layers, a MEMS type structure can be
created based on the selected total thickness and desired overall equivalent stress. It will be
demonstrated that there is more than one method that is effective in the control of resultant
residual stresses and that either method can be useful in creating thicker firms for MEMS
devices. It will be shown that the ability to control the final geometry of the device can be a
powerful asset for the performance ofMEMS devices.
The sandwich composite process also allows for the creation of a MEMS device that is
much stronger, and has a higher natural resonance frequency, than using a homogenous
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material deposition. The additional strength and bandwidth provides MEMS designers the
ability to create devices that up to now were difficult or almost impossible to manufacture.
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Since thin-film fabrication techniques were first used to produce micro-electro
mechanical systems (MEMS), one of the areas that has seen significant research is the
reduction of film stresses and stress gradients. The principal source of contour errors in
micromachined structures is residual stress that results from thin-film fabrication and
structural release processes. Residual stresses also induce problems with wafer handling
and the destruction of wafers and MEMS devices when the stresses are higher than the
materials ability to sustain those forces.
Surface micromachined films are deposited at temperatures that are sometimes
significantly above ambient, which create the residual stresses due to the difference in the
coefficient of thermal expansion between different material types when the substrate is
cooled. This difference is each materials rate of contraction will cause a strain that
translates into a stress. The other material property that will affect the curvature of the
resultant stress is the Modulus of Elasticity. If there is a significant difference in this value
between the two materials then the material with the higher value will have the higher stress
and the material with the lower value will have the higher strain.
Another contributor to residual stress production that occurs is the nucleation forces
that exist when two dissimilar materials are in contact with each other. These forces are not
well understood, nor quantified, but caused by the growth of the depositing layer at specific
locations at the boundary layer and the differences in atomic spacing between dissimilar
materials. These locations are usually at the dislocations or grain boundary defects of the
substrate. When the material being deposited comes into contact with the substrate, and
there is sufficient mobility, it will move to the position where is can attain the lowest
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energy state. This tends to cause disordered regions at the grain boundaries and the
localized discontinuities contribute to the residual stress. [34]
In thin film applications the resultant stresses that occur from the layered deposition
of material can be tensile or compressive. Tensile stresses induce the additional film to
contract upon deposition process cooling and the forces will cause a concave curvature of
the wafer (Figure 1). If the resulting stresses are near the fracture limit of the material, then
cracking of the wafer will occur. Compressive stresses in the deposited film induce the film
to expand upon release and the force will cause a convex curvature of the substrate (Figure
1). The forces may become great enough to cause buckling, blistering or delamination of
o
the deposited thin film. Forces that occur from thin film depositions can range from 1x10
to 5 x






Compressive stress Tensile stress
Figure 1. Resultant deformations due to residual stresses.
Existing technologies used to reduce the effects of residual stresses have included ion
bombardment to soften the material [Nowack et al, 1997], and device design to account for
the deformations that occur due to the residual stresses [Yuan et al, 1992]. Annealing the
materials after processing is another method that has been commonly used to reduce residual
stresses [9, 30, 35]. Unfortunately, there are problems with these existing methods for
reducing residual stresses
in thin films.
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Ion Bombardment
Ion Bombardment can damage the dielectric properties of the material, which would
preclude MEMS related integrated circuitry which is an important aspect of reducing the
size and packaging of MEMS devices. Ion Bombardment can alter the behavioral
characteristics of the material as well by damaging the lattice structure of the deposited
material and even the underlying substrate as solid solubility is reached. The material may
be altered by the inclusion of a different sized atom during the bombardment. This alteration
could cause a change in the materials hardness or its bonding energy that is available for
subsequent deposition processes. [35, 63]
Annealing
Annealing may relieve the residual stress of a deposited layer, but may also induce
stresses in other layers due to the heating
-
cooling cycling of dissimilar material layers.
The annealing process can also change the properties of the material from amorphous to
crystalline. There are other materials that cannot be subjected to annealing processes
because of there inherent low melting temperatures. If the material targeted for annealing
has the ability to disassociate itself during the heating process, the chamber that is used for
the annealing process may also become contaminated by that material. This would require
dedicated equipment to perform this annealing process. If dopants are present in the
material, the annealing may cause additional driving of the dopants within the material
which will change the conductivity of the material and that may not be desirable.
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Process Optimization
Another method of controlling residual stresses in thin films is to optimize the process
parameters in which the thin films are deposited. This cannot work with high temperature
deposition processes because the difference in the coefficient of thermal expansion is too
great between substrates and deposited films, however some low temperature processes,
subject to an optimum set of parameters can be developed to allow for material deposition
with near zero residual stress. Unfortunately the process parameters are usually quite narrow
and are sensitive to equipment operational conditions. Hence, tight process control is
required to maintain these optimal process parameters. Under these constraints there is a
limit to the maximum deposition thickness that can be achieved (1500 A for to 1 um
typically) and there are a limited number ofmaterials and process that this can be achieved
by.
Figure 2 is a typical graph of residual stresses due to process parameter variation.
Similar graphs exist for a number of deposition materials but tend to be specific for each
tool that is used in the manufacturing of integrated circuits and MEMS devices. The
resultant stresses can go from compressive to tensile, or get increasingly compressive
depending on the material that is being deposited and the specific substrate..
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Figure 2. Typical stress to process power settings for PVD thin film deposition.
Figures 3 through 7 depict MEMS devices that are adversely affected by residual
stresses which cause the collapse or upward distortion of the devices after processing is
completed. The cantilevered beams shown in Figure 3 demonstrate the post process
condition of a thin film that was deposited onto a sacrificial material and had tensile residual
stresses. Once the sacrificial material was removed, the tensile residual stresses caused the
beams to deflect downward. This condition resulted in the creation of a MEMS device that
was unusable and could not be repaired or reworked.
RIT M.J.PARTHUM - THESIS 8/5/2005
Figure 3. Collapsed Beams from excessive tensile forces. [104]
Figure 4 depicts a thin film that has delaminated and separated from the substrate due to
the compressive residual forces that were present. The delamination of a material from the
substrate adversely influences further processing steps by allowing contaminants or other
materials to become trapped underneath the delamination area. Delamination likewise also
exposes the substrate to possible subsequent etching processes when it should be covered, or
interfere with application of a masking material that would be applied to allow for a
selective material removal.
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Figure 4. Delamination of an integrated circuit from compressive forces. [104]
A large problem with the creation ofMEMS devices is the alteration of the topology due
to residual stresses from material interaction and processing parameters. Figures 5 and 6
show micromirrors that have an overall compressive residual stress. It is quite obvious that
the effects of residual stress on the final geometry of these devices can have devastating
topology results. Great care is taken to maintain process controls in the creation of these
devices and any slight change in those parameters can lead to adverse topology effects.
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Figure 5. Distortion from residual stresses on MEMS micromirrors. [105 ]
100|jm EHT = 19.99 kV
I I WD= 24 mm
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Figure 6. Distortion from residual compressive stresses onMEMS micromirrors. [105 ]
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Figure 7 shows cantilever beams that have a final geometry that is not design intent. The
upward curvature of the devices are because of compressive residual stresses. This end
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The current research will demonstrate that alternating layers of tensile and compressive
materials can be deposited such that the resulting residual stresses can be balanced to
produce a zero overall stress. The use of multiple layers will allow not only the ability to
cancel out the effects of a materials residual stress but can be use to make thin films or
MEMS devices to any desired thickness with in the limitations of processing equipment on
hand.
The current research is not limited by material selection or equipment processing
parameters, and would allow any combination ofmaterials to be used for the fabrication of
MEMS devices. In concept there should be no need to limit the selection ofmaterials that
can be used, or to add secondary processes to overcome problems that are the result of
residual stresses between thin films (annealing, ion bombardment). The current research also
allows for a wider range of designs and final geometries that can be implemented and
controlled in the MEMS and semiconductor fields.
The number of layers and the thickness of each layer would be determined by the design
intent of the engineer and the individual material stresses in each layer. Proper care must be
taken to quantify each layer's residual stresses so the proper ratio of material thickness and
the number of layers desired will result in the overall thickness of the film orMEMS device.
The only constraint using this process would be the adhesion strength between the two
layers and this constraint already exists in the integrated circuit andMEMS field.
The current research could remove the problem of out-of-plane deformation of
freestanding micromachined films, which will negatively impact the performance ofMEMS
devices caused by traditional thin-film processes currently being used. This principal source
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of contour error, and performance degradation in micromachined structures is caused by
residual stresses that result from thin-film deposition processes and release could be
controllable. This would also give the Designer an additional ability to create a final contour
geometry that would enhance aMEMS device.
The current research methodology would also help to reduce the amount of time needed
to remove sacrificial layers for MEMS devices, thereby increasing production throughput.
By having a near-zero residual stress or a slightly compressive stress it would aid in the
removal of a sacrificial layer by insuring that the MEMS device did not collapse upon the
material underneath it as the sacrificial material was being removed. Process time would
therefore decrease and production rates increase, while also reducing the requirement for
higher selectivity within the etchants that are used. The current research process could also
be used in the fabrication of semiconductor devices where residual stress between thin films
can cause layer separation or creep, which tends to degrade the device performance.
The current research method could be used for all MEMS type devices that require a
suspended or moving component for the device to work. It can also be used for any MEMS
device that requires a final geometry to be held to specific tolerances. This means that the
impact on current MEMS devices would include devices such as pressure sensors,
microphones, RF Switches, accelerometers, and any device that requires a suspended layer
or has the ability to move. All of these devices have suffered from thin-film deposition
processes that cause residual stresses that potentially change the final geometry and degrade
device performance. The current research method could also benefit the manufacturing of
integrated circuits, which are also impacted by thin film stresses from the combinations of
different materials and deposition processes that cause residual stress to occur.
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3. MODELING OF THE CONCEPT
This residual stress caused by adding a material to a substrate can be either tensile or
compressive. At the boundary layer where the two materials com into contact there is
usually a compressive residual stress that occurs because of nucleation forces. If the two
materials are the same then this effect is greatly reduced because of the ability from the
materials to nucleate in an orderly fashion and is not seen for depositions that result in an
amorphous structure (LTO - Low Temperature Oxide). This interaction between two
different materials and the resulting residual stresses is known as the nucleation force. The
nucleation force has not been quantified to any real degree other than its bulk effect has been
documented as an overall compressive stress. The interaction between different materials is
the understood cause for this effect, but this is no method of quantifying or predicting such
behavior.
Depending on the materials being used, certain combinations of materials will have
larger or smaller nucleation forces depending on the growth of the depositing layer at
specific locations at the boundary layer. These locations are usually at the dislocations or
grain boundary defects of the substrate. When the material being deposited comes into
contact with the substrate, and there is sufficient mobility (higher temperature processes), it
has the ability to move to a position where is can attain the lowest energy state. This tends
to cause disordered regions at the grain boundaries and localized discontinuities. These
factors and others, like bonding energy and how voids and interstitials, have an effect at
those nucleation sites, contribute to the residual stress and must be accounted for.
There are other factors that must be taken into account when depositing thin films. As
a material that is being added there are factors that can influence its contribution towards the
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amount of residual stress that will exist in a Integrated Circuit or MEMS device. The first
variable is type of materials that are being used. Different materials have different
coefficients of thermal expansion. All of the deposition processes used in Integrated Circuits
or MEMS fabrication use energy in some form (heat, or plasma) for the addition of the
material to a substrate. As the deposition of the thin film becomes thicker, and homogenous,
the internal forces on that thin film will undergo a transition from a compressive stress to
tensile stress, or become more compressive. The nucleation forces being compressive by
definition and the addition of forces because of the difference between the coefficients of
thermal expansion between the material being added, and the substrate after the deposition










Figure 8 Thin Film stress from nucleation to continued growth
Extremely thin films are usually compressive, because at that level the nucleation
forces are higher than the resulting difference in the materials expansion/contraction rates
which are due to the difference in the materials coefficient of thermal expansion. Depending
on the materials used, the process for depositing the material can be altered and can change
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the materials behavior so that the amount of that materials compressive or tensile residual
force can be controlled.
There is a limitation to the amount of control that can used due to the limitations of the
equipment for power and process. As thicker films are needed for MEMS devices the ability
to control the residual stress from a deposition of a thin film of some material become
difficult to impossible. As the material becomes thicker it becomes more tensile or
compressive depending on which material has the greater coefficient of thermal expansion.
Shown in Figure 9 is an example of how the resultant stresses in a very thick layer of
material can impact the creation of Integrated Circuits or MEMS devices. The process used
to create a Silicon Nitride film in the LPCVD have a temperature of 800 C and the stresses
that are induced during cooling can lead to cracks in the surface of the thin film or even the
fracture the wafer itself.
S
/ i
Figure 9. Residual Stress in a 8000 A thin film causing fracture [104]
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The other material behavioral characteristic that comes into play is the modulus of
elasticity. Two materials that are joined at some interface at a high temperature and with
each material having a different coefficient of thermal expansion, will each contract at a
different rate when cooled. This difference is contraction and the nucleation forces will be
the determination of the resultant residual stress that exist in the structure. The difference in
the two materials modulus of elasticity will be the determiriing factor to the amount of
flexure that will occur on a wafer, or at a device level. The Profolometer takes advantage of
this effect to measure the amount of residual stress that exists in thin film processing. By
measuring the curvature of a surface before and after a thin film is deposited, it can be
determined the amount of stress that exists with in the wafer.
Compressive
Figure 10 Graph of transition of stresses with increasing thickness
When there are residual stresses in a MEMS device due to these differences between
the material types, the simply supported structures, such as beams and diaphragms, will end
up with a resulting Euler's type of eccentric loading that is similar to column buckling. This
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causes suspended beams or diaphragms to deflect downward or upward depending on if the
material is in a tensile or compressive state and how it is attached to the substrate, once the
sacrificial material had been removed.
If the material is in a compressive state the structure will deflect upward but if it is in a
tensile state the structure will deflect downward into the cavity that the sacrificial material
was removed from. One example of this is illustrated in Figure. 10 where a beam is
deposited on a sacrificial material and a substrate. Because of the material or the process,
the material deposited to create the beam is under a tensile residual stress. When the
sacrificial material has been removed from below the beam, the beam is supported at each









Figure 11 Resultant deformation due to residual stress
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The problem that occurs from residual stresses in MEMS devices that require
movement occurs when releasing the devices. If the stresses are high enough, the structures
will collapse downward and will impede the removal process of the sacrificial material. This
increases the amount of time that is required in the etching process. The increase in
processing time impacts the process throughput and slows down production. It also requires
a higher selectivity for the enchants used, in order for the sacrificial material to be removed
without etching into the rest of the device.
If there stresses are compressive then the resulting alteration in geometry will be
upward depending on how the device is attached to the substrate. This alteration of the final
geometry will negatively effect the performance and deign intent of the MEMS device.
Since the processing of Integrated Circuits and MEMS devices are not repairable, i.e. they
are a fixed series of process steps and there is no ability to rework the product once the
processing has been completed, incorrect final geometry is an unrecoverable state and the
work done has to be discarded and started over from the beginning.
The residual stress for most materials that are added to a substrate is usually tensile
because almost all of the materials used in LC. and MEMS fabrication have a high value for
the coefficient of thermal expansion than Silicon. This causes the material that is deposited
to create the simply supported structures or diaphragms to have the resulting Euler's type of
loading and causes suspended beams to deflect downward into the area where the sacrificial
material had been removed. When a sacrificial layer underneath a suspended device is
removed, the residual stresses in the elastic structural layers are partially relieved by
deformation of the geometry of the layer. The extent of the deformation is strongly
dependant on the process details and on the materials being used. Stress gradients through
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the thickness of a Micromachined film can also be very detrimental to the performance of
the device.
Most of the work that has been done to reduce the effects of residual stresses has been
in the areas of Ion Bombardment to soften the material {Nowack at al. (1997)}, or device
design to account for the deformations that occur due to the residual stresses {Yuan et al.
(1992)}. Texas Instruments spent over 1 Billion Dollars and 6 years in the development of
their micro-mirrors, which rely on controlling the suspended beams to direct the position of
the mirrors, it was necessary to control the residual stresses from the fabrication processes to
achieve success.
The method of using a multi-layered multi-material approach to create an
equivalently stress free device or thin film is a new and novel idea. This can be
accomplished by balancing the amount of each material used in each layer to create
offsetting stresses between the layers to have them offset each other and result in an overall
zero residual stress thin film or MEMS device. Adjusting the individual film thickness will
allow control of the individual layers internal stress with respect to the neutral axis for that
layer. Then the proper ratio ofmaterials can be determined to allow the suspended structure
to be controlled for the final geometry. With the proper ratios being used the resulting
structure is flat, bowed upward or downward if so desired.
Shown in figure 12 is a model of a Titanium and Tungsten multilayer composite thin
film that could be used to create a MEMS device. If the correct thickness is determined for
location of the neutral axis for each material, and thus controlling the amount of stress that
is contributed by each layer of the material, the number of layers used could be as many or
as little as the design required.




Figure 12 Modeling ofResidual Stress in a Multi layered Thin Film Stack
This allows MEMS devices to have a final geometry that is design driven, and not as
process dependant. It would allow for the usage of any combination of materials in the
creation of a MEMS device with the only limitation being the compatibility of the processes
used in the fabrication. It could be used for all MEMS devices where residual stresses would
alter, or hinder the performance. And even allow the designer to take advantage of this
ability to create concave or convex topology if there was a need for such a device. It would
also allow the creation of extremely thin or thick layers for MEMS devices without concern
of the impact of the residual stresses on the final geometry. Shown in figure 13 is a
representative model ofwhat could be a suspended beam or diaphragm that could be created
using the multi-layer composite approach.
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Figure 13 Residual Stress Controlled byMulti Layered Thin Film Stack
There would be many applications for this method, once it is developed. Pressure
sensors, Microphones, RF Switches, and any device that requires a suspended layer or has
the ability to move will benefit from this method. All of these devices can suffer from
thin-
films residual stresses that will change the geometry and degrade device performance.
There are Integrated Circuits that are also impacted by thin film stresses from the
combinations ofdifferent materials during manufacturing.
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DESIGN OF THE EXPERIMENT
The intent of this project is to demonstrate the fabrication of simply supported beams,
cantilevered beams, or diaphragms for MEMS devices that will conform to the design intent
for shape and control geometry.
First the materials were selected for the behavioral characteristics that are desired in
the device. For example, a metallic thin film is desired for the creation of beams and
diaphragms that can be used as sensors. The two metals that were selected for use in this
thesis were Titanium and Tungsten because they have different coefficients of thermal
expansion and were available for processing in the SMFL. In addition, these materials were
chosen because they could both be selectively removed with the same process, thereby
improving overall process efficiency.
The behavioral characteristics of each material were determined for Modulus of
Elasticity and Coefficient of Thermal Expansion: Titanium possesses a Modulus of




MPa) and Coefficient of Thermal Expansion




MPa) and Coefficient of Thermal Expansion of 4.5 ppm/C. Both of these materials are
being deposited on a Silicon substrate with a Modulus of Elasticity of 1.9 x 10 dyne/cm
(1.9 x
105
MPa) and Coefficient of Thermal Expansion is 2.33 ppm/C. Note: these
parameter values apply to the thin films that are deposited onto a substrate and not the bulk
materials that are used in large-scale engineering applications. The thin films tend to have
many more dislocations and therefore have lower values for the modulus of elasticity than
would be found in a crystalline bulk form.
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Nucleation forces are not well understood and there is still no quantification for these
values [34]. Hence experimental measurements will be used to estimate the amount of
residual stress that is introduced by nucleation forces. The premise being that if all of the
contributing factors that cause residual stresses are known except one, the difference
between the predicted value and the experimental value must be the contribution from the
nucleation forces.
Simply supported beams of various lengths and widths will be used in the design
process and final geometry evaluation. Beam samples will be anchored at one end
(cantilevered) as well as anchored at both ends. Circular diaphragms of various diameters
will be tested and different diaphragm geometries will be evaluated to asses the role
geometry plays in sacrificial material removal and different supporting attachments. The
devices were completed to allow for different natural resonant frequencies to be measured
and demonstrate the different type ofMEMS devices that can be created.
Experimental work for this thesis was conducted in the S.M.F.L. at R.I.T, and was
subject to facility constraints ofprocess equipment and materials usage. It was important to
insure that the processes that were needed were available and that the abilities of the
S.M.F.L. could meet the design requirements. These constraints played an active role in the
development of the methods and the proofof concept documented herein.
Plasma Vapor Deposition (PVD), a sputtering process to deposit thin films was
chosen as the preferred method of fabrication because of ease of use and availability. Both
sandwich-beam materials were installed in the same tool, thereby allowing multiple layers
to be deposited without removal of the silicon substrate. This reduces the potential for
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contamination of the materials being deposited and allows the entire deposition process to
be done in the same high vacuum environment and under controlled conditions.
The selective removal of sacrificial fabrication materials could be done with a wet
chemical process or a dry etching process. However, a wet chemical etching process
produces waste material disposal concerns and possible hazardous material exposure to the
user. Therefore, a Dry Etch Plasma process was done for ease of usage and availability.
There are certain combinations of power, pressure and gases that can be used to remove
both Titanium and Tungsten in a fairly anisotropic manner. Since there was no qualified
method for these materials to be removed with a Dry Etch Plasma, this process was
developed as a sub-portion of the current research effort. The Drytech Quad, housed in the
RIT SMFL, was used to conduct this process once the recipe was developed and tested.
A sacrificial layer was included so the thesis structures could be built above the
substrate and then released. A number of materials were considered for sacrificial layer,
such as Polysilicon and Silicon Oxide, which are commonly used in practice. The driving
constraint with a sacrificial material was selective removal with out damaging or removing
other materials being used around it. The Drytech Quad was also used for the deposition
and removal of the sacrificial layer during the current research.
The author discovered that using a Plasma Etching process with a certain combination
of gases, pressure and power settings, a type of carbon was deposited onto the substrate
instead of selectively removing material from the silicon substrate. This unknown type of
carbon (UTC) had interesting properties which made it an ideal sacrificial layer. The UTC
was tested and shown to be impervious to all known solvents and was hydrophobic in
nature. The UTC material however was easily removed with an oxygen plasma, while the
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plasma did not interfere with any of the materials that were on the substrate, or the substrate
itself. This very thick sacrificial layer ofUTC could be used and removed without concern
for damage or alterations of the other materials used for MEMS sandwich beam
construction during the current thesis research.
Individual material thickness needs to be controlled on a layer-by-layer basis so that
the position of the bending neutral axis could be tuned to a desired thickness location in
order to regulate individual layer contribution to overall internal stress. The contributing
factors which regulate lamina thickness the differences between material coefficient of
thermal expansion and the temperature change that is caused by the deposition process. The
modulus of elasticity was also a factor (because with different adjacent materials the one
with the lower modulus value deforms more readily than the other) contributing to the
direction of curvature that can occur when residual stresses were present.
The "wild
card"
in determining the material thickness for each layer in order to
balance the overall residual stress was the nucleation forces that occur at the interface
between two dissimilar materials. The ability to determine nucleation forces contributions
was not possible theoretically as this effect is not quantified. However, it is known that
within thin film applications nucleation forces may be a major contributor to the residual
stresses that occur in the creation of Integrated Circuits and MEMS devices. There are two
methods that can be used to isolate and control the nucleation forces contribution to the
overall residual stress.
The first method is to set a value for the thickness of each material and then by
defining the processing parameters with the resultant residual stresses choose the
combination of parameters that will sum over the multiple layers, into an overall stress
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balanced combination. The second method is to choose the optimal processing parameters
for deposition and then adjust the thickness of each material to alter the contribution of
nucleation forces until an overall balance is attained. Because there is no information in the
literature at present that can be used to account for the nucleation forces, using either of the
aforementioned methods. Thus the process for creating the multi-layer structures must be
experimentally determined.
Altering the ratio of the materials thickness, or the processing parameters, so that
each layer's contribution will result in the desired residual stress or to balance the stresses
resulting in the mitigation of the residual stress for the layer is the overall goal of this thesis.
Attention to issues of adhesion for the materials to the substrate or sacrificial material must
be incorporated into this calculation. The residual stress for each layer needs to be
compounded to achieve the total residual stress that is required by the final geometry of the
structure (beam or diaphragm) design. Once these values are determined, the proper ratio of
material thickness can be used to allow the individual residual stresses from each film to
offset each other or provide the desired effect on the final geometry of the devices. The
number of layers that are applied is determined by the total thickness that is needed by for
device. The first and last layer preferably being the same material to use symmetry to as an
additional assistance in balancing out the bending stresses [106]
Baseline values for individual layer thickness and the overall device thickness were
set to 200 A and 3000 A respectively. These values were chosen based on reducing the run
time of the equipment. Once the sacrificial material is removed, the residual forces create
moments at the supports for the device that can cause a deflection upward, suspend the
beam flat across the opening or have the suspended beam deflect downward. This thesis
will demonstrate that if the processing is correct, then the proposed design method will
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work at its desired goal. For both processing methods, pilot runs of the device must be
fabricated to ensure that the desired final geometry of the design is being met. Stress
measurements and close visual inspection were conducted using a line measurement
microscope and Scanning Electron Microscope (SEM to ascertain the condition of the
MEMS devices and outcome of the layer-thickness variation (section 4.1) or process-
control variation (section 4.3) method employed.
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4.1. METHOD 1 : VARIATION OF LAYER THICKNESS
The processing values for the deposition will be held constant while the values for the
thickness of each layer will be altered and adjusted. The residual stresses will be measured
and after releasing the devices the stress effects will be visually determined. Depending on
the devices final geometry, alterations for each materials layer thickness will be done until
the desired final geometry is reached.
The values for Modulus of Elasticity and Coefficient of Thermal Expansion for the
two materials are as follows
Tungsten : Ew = 410 GPa aw = 25 e
Titanium : ETi = 105 GPa aTi = 8 .6 e
-6
Note that because the Tungsten material has Coefficient of Thermal Expansion and
Modulus of Elasticity is two and four times as large as the Titanium respectively, that
tungsten should be the major contributor to the overall residual stress and final geometry
that occurs in the completed sandwich construction. In general, the material with the larger
Modulus of Elasticity takes the larger stress and the material with the smaller Modulus of
Elasticity takes the larger strain [1].
At the interface between the two materials, note the net deflection from the residual
stresses induced by a change in temperature is set to zero, then solving for the ratio of
material thickness to have this occur would be the ideal initial materials thickness necessary
to achieve a near-zero residual stress.
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However, without the ability to determine the contributing forces that are present
from nucleation between the two materials, it was decided that a simplistic approach would
be used to determine a starting ratio of material thickness to be used. Stress is related to
strain, via Hook's Law.
a=E- (1)
Where E is the elastic modulus, o is the bending stress and e is the bending strain.
The total stress at the interface of the two materials occurs when resulting strains that occur




Ti + Cjw w \Z)
The strains are introduced because of the differences in the coefficients of thermal
expansion over an area. This means that in order to have resultant residual stress of zero,
that contributions of each material must offset the other so that the sum of the two becomes
zero.
GC,
jy Ti lLw w yJ)
0=Er.- (width- thickness)Ti-\ -WLW
-{width-
thickness)w (4)
V L )Ti V L )w
Where both materials in the sandwich structure are assumed to have the same width
and the length. The thickness and the change in length are the deciding factors for each
materials contribution to the total stress at the interface, while the width and length of each
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material canceled out. The change in length is a function of the change in temperature
proportionally scaled by the coefficient of thermal expansion, hence.
0=En -TiMck -K -LTi -ATTi)-Ew -W,hick \aw -Lw -ATW) (5)
Since the length of each material is the same and the change in the temperature is also
the same these factors can be removed from the general equation and now it reduces to its
final form
0=E Tithick [aTi )-Ew Wthick {aw ) (6)
Equation (6) shows that a ratio can be found between the two materials that give a
resultant near-zero residual stress if the proper thickness is used for each material. Hence
the amount ofmaterial used is not important but the material coefficient ratio between the
two materials is the deciding factor.
En Tithick (aTi )=EW- Wthick {aw ) (7)
Substituting the values for the Modulus of Elasticity and Coefficient of Thermal
expansion for both materials is was found that the ratio needed was
TiMck =1.83 -Wlhkk (8)
This means that the amount of Titanium used must be 1.83 times more than the
amount of Tungsten used. This first order approximation was used as an initial estimate in
the creation ofmultilayer composite devices for this thesis.
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Once the first deposition processes were completed, inspection of the sandwich
structure constructed revealed an extremely compressive overall residual stress with
delamination and surface irregularities (see figure 27) it was realized that an error was made
in the initial approximation. That the materials impact on each other was how the thickness
would affect the change in length and strength of the material it was in contact with. It was
a "Leap of
Logic"
at the time, but it turns out to be an intuitive estimate. Equation (7)
should be modified as shown in equation (9) such that the materials thickness with the
other materials change in length (due to temperature change) and modulus of elasticity as
the "offset".
Kw Tithlck (aw )= En WMck (a ) (9)
Solving for this it was determined that the ratio between the materials should have
been
W,hick =1.83 (10)thic ' thick
Once this value was used in the creation of multilayer composite devices it was
observed that the overall profile of the devices was much improved and the delamination
and/or overly compressive forces were no longer visible upon inspection of the sandwich
structures.
RITM.J.PARTHUM - THESIS 30 8/5/2005
4.2. PROCESSING STEPS - DEVICE CREATION - METHOD 1
1) Wafers are removed from manufacturers shipping containers and inspected for
overall condition.
Wafers are run though an RCA clean process
Wafers have a layer ofLTO deposited 1 .0 um thick using the LPCVD.
Wafers are measured using the Nanospectometer to determine depth of the Silicon
Oxide.
Each wafer is labeled and thenmeasured for stress using the Tencor P2 Profolometer
Each wafer has a layer ofphotoresist deposited using the SVG track #1.
Each wafer is exposed to Mask Level 1 (trench mask) using the GCA stepper.
Eachwafer is developed using the SVG track # 2.
Each wafer is etched to 5000 A depth using the Drytech Quad.
10) Eachwafer has the remaining photoresist removed using the Branson Asher.
11) Each wafer is measured for depth of etch using the Tencor P2 Profolometer.
12) Piranha Clean all wafers before continuing.
13) Each wafer is placed into the Drytech Quad, were a 5000 A thin film of the carbon
material is deposited.
14) Each wafer is then coated with photoresist using the SVG track # 1 .
1 5) Each wafer is then exposed toMask Level 2 (reverse trench) using the GCA stepper.
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16) Each wafer is then developed using the SVG track # 2.
17) Each wafer is then checked for alignment ofMask Level 2 to Mask Level 1 . If the
levels are not correctly aligned, the line measurement microscope must be used to
determine the amount of offset that must be programmed into the GCA for a
correction. Then the wafer must have the photoresist removed using acetone, before
going back to Step #14 and continuing.
1 8) Each wafer is then selectively etched using the Drytech Quad, to define the areas
where the sacrificial material is to be located.
19) Each wafer is then bathed in acetone to remove any remaining photoresist.
20) Each wafers is measured for the surface profile using the Tencor P2 Profolometer.
21) Each wafer is then run through a Piranha Clean immediately before the next step.
22) Each wafer is then placed into the PVD sputter system and coated with a multi-layer
composite ofdesign intent.
23) Each wafer has a layer ofphotoresist deposited using the SVG track #1 .
24) Each wafer is exposed to Mask Level 3 (devices) using the GCA stepper.
25) Eachwafer is developed using the SVG track # 2.
26) Each wafer is then checked for alignment ofMask Level 2 to Mask Level 1 . If the
levels are not correctly aligned, the line measurement microscope must be used to
determine the amount of offset that must be programmed into the GCA for a
correction. Then the wafer must have the photoresist removed using acetone, before
going back to Step #23 and continuing.
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27) The wafer is then placed into the Drytech Quad and the multi-layer composite is
removed via Plasma Etch.
28) The wafer is then removed and inspected for condition before being placed back into
the Drytech Quad for removal of the remaining Photoresist and the Sacrificial
Material.
29) The wafer is then removed and inspected using the Tencor P2 Profolometer and Line
MeasurementMicroscope. If the sacrificial material and the photoresist have been
completely removed, the wafer is ready for testing and closer inspection with the
SEM.
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4.3. METHOD 2: VARIATION OF PROCESS CONTROLS
Each material thickness will be held constant while the processing parameters are
altered to control the contribution of each material layer to the overall sandwich device
residual stress. After each combination of processing parameters is tried, the overall
residual stresses will be measured and the device released and visually inspected.
Depending on the device final geometry, alteration of processing parameters for each
material layer will be changed until the desired final geometry is achieved.
This method required careful development to chart the residual stress contribution of
each material subject to process control tooling, and the need for uniform film
characteristics. Empirical data will be used to determine the settings for each material
deposition necessary to implement the
sandwich-structure design. First the processes used
needed to be characterized with respect to stresses developed in each material at various
processing parameter settings. Then the residual stress in each material was characterized
for the type of substrate at the different deposition processing parameter settings. These
data were then used to estimate the process parameters necessary to achieve a near-zero
overall residual stress in the structural laminate.
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4.4. PROCESSING STEPS - DEVICE CREATION - METHOD 2
1). Wafers are removed from manufacturers shipping containers and inspected for
overall condition.
2). Wafers are run though an RCA clean process
3). Eachwafer is labeled and then measured for stress using the Tencor P2 Profolometer
4). Each wafer is placed into the Drytech Quad, were a 5000 A thin film of the carbon
material is deposited.
5). Each wafer is then run though the SVG coating track to cover the wafer with a
positive photoresist coating
6). Eachwafer is then exposed to Mask Level 1 (reverse trench) using the GCA stepper.
7). Each wafer is then developed using the SVG development track
8). Eachwafer is then selectively etched using the Drytech Quad, to define the areas
where the sacrificial material is to be located.
9). Each wafer is then bathed in acetone to remove any remaining photoresist.
10). Eachwafer is then run through the SRD to ensure that any particulates have been
removed.
11). Each wafer is then placed into the PVD sputter system and coated with amulti-layer
composite ofdesign intent.
12). Each wafer is then removed and processed through the SVG coating track to place a
photoresist layer onto the surface.
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13). Each wafer is then processed through the GCA stepper and exposed to Mask Level
2 (device)
14). Each wafer is then developed using the SVG development track
15). Each wafer is then checked for alignment ofMask Level 2 to Mask Level 1. If the
levels are not correctly aligned, the line measurement microscope must be used to
determine the amount of offset that must be programmed into the GCA for a correction.
Then the wafer must have the photoresist removed using Set #9, and then Step #10,
before going back to Step #12 and continuing.
16). The wafer is then placed into the Drytech Quad and the multi-layer composite is
removed via Plasma Etch.
17). The wafer is then removed and inspected for condition before being placed back
into the Drytech Quad for removal of the remaining Photoresist and the Sacrificial
Material.
18). The wafer is then removed and inspected. If the sacrificial material and the
photoresist have been completely removed, the wafer is ready for testing.
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5. FACILITIES AND EQUIPMENT USED
The current research was conducted using facilities available at the Rochester Institute of
Technology (RIT) Semiconductor and Microsystems Fabrication Laboratory (SMFL). The
15,000 square foot facility includes graphics design, mask making, diffusions, oxidation,
CVD depositions, sputtering, evaporation, ion implantation, G-line and I-line
photolithography, RIE and plasma etching, wet chemistry, CMP, metrology, and electrical
characterization capabilities to qualified users. Described below are the specific pieces of
equipment used in the development of the methodology documented in this thesis.
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5.1. EQUIPMENT USED
5.1.1. CVC 601 PVD (Figure 14)
Figure 14. CVC 601 - four target sputter system
The DC Magnetron Sputter System, can support 4 sputter targets (three eight inch targets
and one four in target) with Argon, Nitrogen or Oxygen gasses.







To get optimum base pressure, it is best to pre-heat the chamber for at least 10 min at
100 C, then run 20 seem ofArgon gas and pre-sputter (with the shield closed) the Titanium
8"
target for at least 5 to 10 minutes to help remove any oxygen that may be present.
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5.1.2. Perkin Elmer 2400B DC Magnetron PVD (Figure 15)
11
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Figure 15. Perkin Elmer PVD Sputter Tool
An RF sputter system, converted to a DC Magnetron sputter system, can support 3 eight
inch sputter targets with Argon, Nitrogen or Oxygen gasses. Used for the development of
Method 2, with a Titanium
8"




To get the best base pressure, make sure the chamber is open for the minimum amount
of time. Pre-heating and pre-sputtering was not really necessary because the small chamber
size allowed the system to get to high vacuum in under three hours.
There is no shutter system installed in this tool. To pre-sputter, the platen needs to be
orientated so that the wafer is on the opposite side of the chamber when the target is
running.
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5.1.3. Tencor P2 Profolometer (Figure 16)
Used to determine thin film thickness by step height and residual stresses in a thin film
bymeasuring curvature across a silicon wafer.
Hsnm
Figure 16. Tencor P2 Profolometer- step height measurement tool
Process Notes: Operational
When using the Tencor P2, it is important to keep from disturbing the tool or the table it
rests on when making a measurement. There is a foot rest at the bottom of the table the tool
is placed on, do not put your feet on the foot rest. Any disturbance of the tool or table during
the operation of this tool will result in contaminated data.
ADAM2D (for step height measurements) and 4inchStress (for residual stress
measurements) were the two recipes used to collect data.
All data files collected and saved on this system have the prefix ofMJPEME in the
filename.
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5.1.4. Nanometrics Spectrophotometers (Figure 17)
Used to determine the thickness ofLow Temperature Oxide (LTO) when deposited on a
Silicon substrate
Figure 17 Nanometrics Spectrophotometer
Process Notes: Operational
When calibrating the system, it is optimum to use the left side of the eye piece on the
microscope when adjusting the focus and canceling out the color phase shift that is visible
when nearly in focus. When taking measurements use the aforementioned technique when
focusing on the samples being measured.
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5.1.5. Drytech Quad Etch (Figure 18)
Used for Dry Etching LTO, Titanium, Tungsten and Carbon. Also used for the
Deposition of theUnknown Carbon used as a sacrificial layer.
Figure 18. Drytech Quad - Plasma Etching Tool
Process Notes: Silicon Oxide Etching
02 is added to prevent polymerization of the process gas and prevent contamination of
the processing chamber. Note there are process variations in the etch rate that were observed
for uniformity and power settings over two months of carbon deposition, including lab
shutdowns, equipment repairs and bottled gas changes.
Process Notes: Chamber Preparation
RITM.J.PARTHUM - THESIS 42 8/5/2005
For this process it is necessary to prepare the chamber in order to insure that the
deposition is both consistent in material content and uniformity. If film variation exists,
clean the using the 02 CLEAN recipe (see appendix) chamber for 15 to 20 minutes to
ensure a cleanliness. If the deposition rate of carbon changes drastically, do a physical clean
of the chamber with Isopropyl Alcohol and De-IonizedWater.
Process Notes: Carbon Deposition Process
Color: bi the trench regions the carbon/oxide should appear a reddish color. When there
is no oxide substrate present the film should appear as a brown color.
Optical Properties: To use the Ellipsometer for a thickness measurement, the index of
refraction is ~ 1 .63
Electrical Properties: The film forms Schotky Diodes with metal on one side and N- type
silicon wafer, start passing current at around 200 Volts and -200 volts (reverse bias) for a
5000 A film. Breakdown strength is 2.5 megavolt/cmA2. The film exhibits a low permittivity
and some uncharacterized electret behavior.
Substrate: The carbon film changes its mechanical properties depending on the substrate
it is deposited on. Adhesion on oxide, nitride, and silicon are similar. Delamination of the
film appears sometimes on oxide. If deposited on photoresist, the carbon will become mostly
delaminated. Acetone will remove the photoresist and freeing the carbon from the wafer.
This is amethodology for obtaining bulk samples of the carbon.
Chemical Properties: Presumed structure of the unknown carbon thin film is that of a
cross-linked hydrocarbon. The unknown carbon film is impervious to many common
solvents: acetone, IPA, methanol, ethanol, and various other solvents. The carbon is inert in
acids and bases, a slight wet-ability change is observed when exposed to sulfuric acid. The
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carbon films are hydrophobic, unless exposed to 02 plasma etch, and then becomes
hydrophilic. There is some evidence of a slight etch rate in a SF6 plasma etch.
Power: All power measurements are taken from the power supply and not the computer
readout. The programmed value is usually higher than the resultant output and this offset
varies from chamber to chamber in the Drytech Quad.
Process Notes: Carbon Etching
A process time of 1 1 :00 minutes will completely remove a 5000 A carbon thin film and
possibly start to effect the making layer of photoresist. The carbon thin film should be
completely removed by 10 minutes 30 seconds. This is an anisotropic process and has very
good uniformity. The 10000 A photoresist mask will be completely removed after 15:00
minutes in the 02 clean process.
Process Notes: Titanium and Tungsten Etching
02 is added to prevent polymerization of the process gas. This process is done using the
quartz plate to hold the wafer. When etching the wafer, watch the DC Bias and Reflected
Power values on the power supply. When the process begins there will be reflected power
and the DC Bias will be around 250 volts. The reflected power will drop as the system tunes
the chamber to having the wafer present. The DC Bias will then cycle high and low as it
removes the Titanium and Tungsten. The overall trend of the cycling will be a decrease in
the DC Bias value. At around 2 minutes into the process, the DC Bias will begin to climb
(above 150 volts). When the DC Bias gets about 200 volts, abort the recipe and remove the
wafer. It has been found that this is an effective means of end point detection.
WARNING! Always do a chamber clean before attempting an etch. If excess Sulfur and
process residue are in the chamber then the uniformity of the etch will suffer dramatically.
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Process Notes: Titanium and Tungsten Etch, Chamber Preparation
If the Ti/W etch is not uniform, run the chamber preparation longer. If the problem still
persists, perform a physical clean of the chamber and run 50 seem of Argon in with the
above recipe.
WARNING! Do Not run the Argon in the plasma all the time. The Argon will bombard
the Quartz Plate, and the chamber walls, acting like a sputter process.
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5.1.6. GCA Stepper: 5x g-line Lithographic Exposure System
(Figure 19)
This tool is primarily used to transfer an image from a mask, and expose photoresist for
4"
silicon wafers. It has a resolution of lum and a depth of focus of 3um.
Figure 19. GCA g-line stepper - photo-lithography tool.
Process Notes: Operational
It is always best to do a controlled shut down and restart/re-initialization of this tool (see
users manual). If the tool has been idle (turned off at card swipe) or had a lot ofusage, there
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may be difficulty in getting a repeatable alignment between mask exposures. It is always
best to re-originate the stage, and re-tune the laser when re-starting this system.
It was found that loading the mask into the elevator at location 3 or 4 seemed to work
best for getting the mask loaded and aligned. If mask alignment fails and manual removal
(by computer input) is required), then once the system is cleared it was found that chanting
the words "Ennie Meannie Chilly
Beanie"
during the loading and alignment of the mask
seemed to work. If there is more than one person present at the tool, everyone must say the
chant in unison (an inside joke).
This code was the same for all three mask sets that were used in the development of
these methods. Passes for Mask Level's 2 & 3 used the same settings with the exceptions of
offsets for alignment purposes to mask level 1. Those values would change because of
variations in the equipment and wafer location in the platen.
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5.1.7. SVG Track (Figure 20)
Used for the application and development ofphotoresist coatings used in the masking
process.
m*
Figure 20. SVG Track - 100mm positive photoresist coating and development.
Process Notes: Operational
When using this tool, it is best to get a squeeze bottle of acetone and a Q-tip (with the
long wood handle). Put acetone on the end of the Q-tip and GENTLY wipe the tip of the
nozzle where the photoresist is applied. Then a quick shot of acetone over the nozzle to
remove any access. Set station 2 of track 1 to the
"DASH"
( - ) recipe when the wafers are
first started to prime the photoresist nozzle. Then switch the recipe to #1 as the first wafer
gets to the hot plate after the HMDS prime.
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5.1.8. RCA wet chemistry bench (Figure 21)
Figure 21. RCA Critical Clean - Wet Chemistry Bench
Process Notes: Operational
This bench has HF ! ! Follow all instructions in the manual when using this bench. Best
results were achieved when using fresh chemistry. It is best to add an additional half hour to
the tool usage time to account for the measuring and heat up time for fresh chemistry.
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5.1.9. Philips 525 Scanning ElectronMicroscope (Figure 22)
Figure 22. Philips 525 - Scanning Electron Microscope
Process Notes: Operational
The Auto Focus and Auto Stigmatism features on this SEM do not always
work properly and may throw off your focus instead of fine tuning it. It is best
to use manual mode and slowly work the gain and focus adjustments in small
increments. It is very easy to over saturate the image, which results in surface
penetration and possible damage by ballistic injection of electrons.
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5.1.10. LEO EVO 50 SEM (Figure 23)
Figure 23. LEO EVO 50 Scanning Electron Microscope.
Process Notes: Operational
This SEM is new to the SMFL and has excellent capabilities. Ifyou follow
the manual carefully, you will get very impressive results. A number ofusers
have been burning out the filament by trying to operate the SEM without
reaching high vacuum first, or by turning the gain up to far. The filament is
expensive to replace (and a difficult procedure) and does not require 10 KeV
(ormore) to achieve a good image.
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5.1.11. Branson 3200 Asher
Automated 02 Plasma Etching Tool for the removal ofPhotoresist.







Figure 24. Branson 3200 Asher
Process Notes: Operational
The BransonAsher is an automated tool, that is menu driven for recipe selection. The





into the fixtures on top of the tool.





Used for the deposition ofLTO




To get the best uniformity on the wafers, always load the wafers into the boat with the
major flat of the wafer pointed toward the bottom of the boat. Always allow the tube to cool
off slightly before attempting
to remove the wafers (10 minutes). The wafers should be





Purchased fromWilliams Advanced Materials 01/23/04, lot # 03-27062/01
Purity: 99.999 %
Total metallic impurities: 4.1405 ppm
5.2.2. 90% Tungsten / 10% Titanium Target:
Purchased fromWilliams Advanced Materials 01/23/04, lot # 03-25190/01
Purity: 99.995 %
Total metallic impurities: 30.369 ppm .




Thickness: 500- 550 um
Orientation: <100>
Diameter: 100 mm
Method/ Type/ Dopant: Cz / P / Boron
Grade: Virgin Test
Resistivity: 17.0 - 25.0 Ohm-cm
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5.2.4. MASK SETS
5.2.4.1. Mask Set, 3 Levels: Cheetah rev 1
Mask Level 1 = Trenches used to hold sacrificial material under the devices created
Mask Level 2 = Reverse ofMask Level 1, to allow selective etching of the areas around the
trenches.
Mask Level 3 = Device Layout, a variety of beams supported at one or both ends with
different lengths and widths, and diaphragms of different diameters and supporting
mechanisms.
5.2.4.2. Mask Set, 3 Levels: Cheetah rev 2
Mask Level 1 = Trenches used to hold sacrificial material under the devices created
Mask Level 2 = Reverse ofMask Level 1, to allow selective etching of the areas around the
trenches.
Mask Level 3 = Device Layout, a variety of beams supported at one or both ends with
different lengths and widths, and diaphragms of different diameters and supporting
mechanisms. Some of the devices have perforations included with in the structures to aid in
the removal of the sacrificial material
5.2.4.3. Mask Set, 3 Levels: Hercules rev 1
Mask Level 1 = Trenches used to hold sacrificial material under the devices created
Mask Level 2 = Reverse ofMask Level 1, to allow selective etching of the areas around the
trenches.
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Mask Level 3 = Device Layout, a variety of beams supported at one or both ends with
lengths and widths having a sequential variation to allow the study of change in flexure and
natural resonance frequency, and diaphragms of different diameters and supporting
mechanisms.
Figure 26 depicts the types ofMEMS devices used in this thesis that were created using the
Hercules mask set. These devices have variable length, and width to allow for Design of




Figure 26 HerculesMask Design
- types of devices created
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6. EXPERIMENTAL METHODS
6.1. METHOD 1 - VARIATION OF LAYER THICKNESS
The first step in this methodology was to determine the deposition rates for the Titanium
and Tungsten at the power settings used for each target. This would allow the control of the
deposition rate of the material and be held constant while the thickness of each material
could be altered, measured and optimized. A process run was completed for each material
with a duration of ten minutes to determine the deposition rate at the settings commonly
used for both materials. The wafers were then measured using the Tencor P2 Profolometer
to determine the amount ofmaterial that was deposited on the wafers. Using a power setting
of 750 watts and 16.8 seem of Argon (pressure 5 mTorr), the value was determined to be
104 A / minute for the Titanium deposition. When the power setting was 300 watts and 16.8
seem ofArgon gas was used, the deposition rate was 46 A / minute for the Tungsten.
The power settings were not the same because the size of the targets were not the same
and hence, the power settings for each deposition process were different. The Titanium
target was an
8"
diameter disk and the Tungsten target was a
4"
diameter disk. At the time
of the initial testing there was no
8"
Tungsten target installed in the CVC 601 and the
experiment was conducted with the materials that were available. This proved to be a much
larger problem than was anticipated as noted in section 7.
The initial multi-layer composites that were deposited onto a silicon wafer with a silicon
oxide coating (at the ratio that was
calculated using the modulus of elasticity and coefficient
of thermal expansion, noted in section 4.1, see equations (7) and (8)) were found to be very
compressive. It was observed that there was delamination of the metallic composite over the
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entire surface of the substrate. After measurements were made to check the uniformity of the
materials being deposited it was discovered that the
4"
Tungsten target had very poor
uniformity which resulted in the substrate being subjected to uneven stresses in different
directions.
A 90 % Tungsten / 10 % Titanium
8"
target was subsequently found in storage and used
in the CVC 601. A series of additional tests were performed to determine the deposition rate
for this new target. Using a power setting of 750 watts and 16.8 seem flow of Argon
(pressure 5 mTorr), the deposition rate was found to be 122 A / minute for the newly
installed target. Measurements were made to demonstrate acceptable uniformity. It was
discovered that the shields used to cover the
8"
targets were not optimized for uniformity. A
new set of shields were manufactured and the curvature was cut to optimize the uniformity
of the deposition of each material onto the substrate. Tests conducted to measure and profile
the uniformity of the metallic depositions showed that there was less than a 5 % change in
thickness across the wafer.
The next step in process development was to create a multi-layer structure using the
deposition settings that were determined for the CVC 601 and the initial parameters
estimated using the first order approximation derived in Section 4.1 (equations (7) and (8))
to determine the proper thickness of each material and the ratio of the materials that needed
to be used to give an overall thickness of approximately 3000 A. The CVC 601 was
equipped with Titanium and Tungsten eight inch targets and the wafers were prepared
according to the process outlined in Section 4.2. The settings used for the creation of the
multilayer thin film composite are:
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750 watts of power for each target, the Argon gas was set to 16.8 seem (pressure 5
mTorr) and the deposition time of 1 50 seconds for Titanium and 1 1 0 seconds for Tungsten.
The Base Pressure at the beginning of the process was 6.6 x
10"7
Torr. Once the wafers were
completed and inspected it was noted that there was an extreme amount of compressive
residual stress present. Figure 27 shows there was delamination of the materials that were
deposited and a upward buckling at localized areas indicating a overall compressive residual
stress.
Figure 27. SEM picture ofDelamination of a thin film with high residual stresses
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It was decided that the contributing stress of each material was estimated incorrectly and
that the nucleation forces not being accounted could not create this much residual stress. A
reexamination of the formulae (equations 4 through 8) used for the first order approximation
was done and it was discovered that the influence of each material was not being accounted
for correctly. It was understood that as the material thickness increased, that the induced
stresses from that material would also increase. Likewise, the material with the higher
Modulus of Elasticity would have the most stress and the material with the lower Modulus
of Elasticity would incur the most strain. Hence, the ratio of materials used to approximate
the balance of stress were not done correctly and equations (9) and (10) replaced equations
(7) and (8) for design purposes.
The ratio of deposition times were adjusted according to equations (10) so that there was
more time given to the Tungsten layer (increasing its layer thickness) and less time to the
deposition of the Titanium layer (decreasing its layer thickness). The overall thickness of the
multilayer composite thin film was to remain constant.
The settings for CVC 601 were adjusted to 750 watts of power used for each target and
each target was given 5 minutes of pre-sputter to warm the targets up. The process used 150
seconds of deposition time for the Titanium and 198 seconds of deposition time for the
Tungsten with 16.5 seem ofArgon gas in the chamber for each process. The Base Pressure
at the start of the process at 9.1 x
10"7
Torr. With these settings, 16 alternating layers of the
Titanium and Tungsten were deposited on another wafer using the processes outlined in
section 4.2 to create the MEMS devices depicted earlier in figure 26. The resultant structures
had a reduction in residual stress (as noted by SEM inspection) with a slight downward
curvature, indicative of a residual stress
that is tensile in nature. A few slight adjustments to
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the time for deposition and subsequent runs gave excellent results. Figures 28 through 30





Figure 28. SEM of 100pm diameter diaphragm.
This thesis documents the first time that devices were made in the SMFL that
demonstrated a near-zero residual stress by having a flat (no curvature) final geometry. The
diaphragm shown in Figure 28 was nearly flat and held its position after the sacrificial
material was removed from under the structure. Figure 29 depicts a perforated beam where
the sacrificial material was completely removed (which cannot be seen in figure 28). This
beam has a final geometry that is nearly flat with dimensions of 100 mm long by 50 mm
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wide and 3250 A thick. There were a number of additional devices on the wafer that
demonstrated a near flat final geometry and a consistent near-zero residual stress present.
There was some concern regarding the complete removal of sacrificial material from
under the devices. Another mask set was used to create MEMS devices that had perforations
included in the beams that would aid the removal of the sacrificial material (see Figures 29,
30 and 31). Using the different set of masks and repeating the process, a new set ofwafers
were created and analyzed. The SEMS takes from these wafers show the same overall final
geometry that indicates a near-zero amount of residual stress is present.
Figure 29. SEM of 100 pm by 25 um perforated beam.
As can be seen from the SEM pictures (Figures 29, 30, 31) that the final geometry
appears flat and there is no distortion in the topology of the devices. These pictures were
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taken using the Phillips 525 SEM (which is a much older model than the LEO), it can be
seen that the removal of the sacrificial material is complete and that the devices are
suspended and free to move if induced to do so.
Figure 30. SEM of 100pm long by 50 um wide perforated beam.
Figure 31 is a SEM picture of a perforated square diaphragm which depicts a final
geometry that demonstrates a near-zero amount of residual stress. If there were tensile or
compressive residual stresses present in the multilayer composite, it would be easy to detect
visually by the deflections across the surface. Here the sacrificial material has been
completely removed from under the device. The flat topology of the device indicates that
the method used to create the device is sound and quite capable of controlling the amount of
residual stress that is present.
RIT M.J.PARTHUM - THESIS 63 8/5/2005
Figure 31. SEM of 100 um long by 100 um wide perforated diaphragm.
Figures 28 though 31 were taken from more than one wafer that was made using the
process documented wherein and demonstrate that with a controlled Method 1, produces
MEMS devices that can be made with an overall near-zero residual stress with a controlled
final geometry. These SEMS also show that the process is repeatable and consistent with its
results ofnear-zero residual stress based on flat device topology.
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6.2. METHOD 2 - VARIATION OF PROCESS CONTROLS
The first step in method 2 was to determine the deposition rates for each material
(Titanium and Tungsten) at different power settings. Thus thickness of the material
deposition could be held constant while other parameters were measured and optimized. A
number of processing runs were completed at various power settings for duration of ten
minutes. The wafers were then measured using the Tencor P2 Profolometer to determine the
amount ofmaterial that was deposited on the wafers (Table 1).
Deposition rates for Ti andW/Ti targets
Power Ti-
Ti- W/Ti- W/Ti
(watts) Angstroms A/min Angstroms A/min
100 399 39.9 62 6.2
150 435 43.5 83 8.3
200 542 54.2 491 49.1
250 569 56.9 586 58.6
300 741 74.1 672 67.2
350 900 90 757 75.7
400 986 98.6 912 91.2
450 1077 107.7 961 96.1
500 1193 119.3 1095 109.5
550 n/a n/a 1169 116.9
Table 1. Depositionmeasurements for Titanium and Tungsten.
The data of Table 1 was then used to determine the deposition rate for each material so
that 200 A thin films could be deposited and the resultant residual stresses could be
measured via Profolometer. Graph 1 depicts the information presented in Table 1 .
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Graph 1. Rate ofdeposition for Titanium and Tungsten
The power supply that was used on the Perkin Elmer 2400 was a MKS 10 DC power
supply that had limited abilities for controlling Voltage and Amperage combinations for the
amount of power that was being used. Once the power value was set, the power supply
would determine internally the correct values of voltage and amperage to use subject to the
conditions of the chamber. Shown in Table 2 are the values of voltage and amperage that
were recorded for each of the power settings while using the Titanium or Tungsten
materials. This was done to maintain a reference to the condition of the targets being used.
As targets age, the values that are necessary to create the plasma field will change. If this
was to occur, it may be necessary to recheck the deposition rates to insure that the individual
layer thickness was still being deposited as designed.







Watts Voltage Amperage Voltage Amperage
100 361 0.3 364 0.3
150 402 0.39 297 0.53
200 393 0.53 300 0.69
250 406 0.64 314 0.82
300 417 0.74 404 0.76
350 430 0.84 311 1.15
400 428 0.96 375 1.09
450 433 1.06 323 1.41
500 436 1.16 335 1.51
Table 2. Power supply operational parameters
Graph 2 a representation of the Table 2 which can be used to show the trend of the








Graph 2. Power supply operational parameters
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The proper amount of time was used to deposit 200 A of Titanium onto a four inch
diameter bare silicon wafer and the mount of power was varied to assess stress dependence
on applied power. With each deposition a glass slide was also inserted as a control measure
to insure that the intended amount of material was in fact deposited. The wafers were
measured for curvature using the Tencor P2 Profolometer before each material was
deposited and after the processing was complete. The glass slides were measured for step
height as a process control. These values were collected using the Profolometer stress
measurement software and summarized in Table 3 for the Titanium material.
200 A Titanium Film on Silicon - Stress Measurements (MPa)
Power (watts) Average Maximum Center
150 -145 -425 -25.3
200 -139 -240 -34.8
250 -161 -258 -204
300 4.23 281 -37.1
350 226 394 316
400 354 664 430
450 267 520 99
500 418 568 436
Table 3. Residual Stress Measurements for a 200 A Titanium Thin Film
Table 3 values were plotted in Graph 3 so an overall trend could be viewed. It is
interesting to note that at 400 watts of power there was a spike in the amount of
stress that
was measured. This could be caused by the condition of the chamber and the target material
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interacting with the chamber. It is also possible that the magnet used on the back of the
target to help shape the plasma stream may have some influence at that particular power
setting. Although a spike was also seen in Voltage vs. Power for Tungsten, there was no
evidence of any power conditioning irregularities for the Titanium target (see Graph 2).
Stress Measurements - 200 A Titanium Film on Silicon
800
-400
150 200 250 300 350 400 450 500 550
Power (watts)
Graph 3. Residual Stress Measurements for a 200 A Titanium Thin Film
The proper amount of time was used to deposit 200 A of Tungsten onto a four inch
diameter bare silicon wafer and the mount of power was changed. With each deposition a
glass slide was also inserted as a control measure to insure that the intended amount of
Tungsten was deposited. The wafers were measured for curvature using the Tencor P2
Profolometer before each material was deposited and after the processing was complete. The
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glass slides were measured for step height as a process control. These values were collected
using the Profolometer stress measurement software and in Table 4 as residual stress
measurements for Tungstenmaterial deposition.
Tungsten Stress Measurements - 200 A Thickness (MPa)
Power (watts) Average Maximum Center
200 330.9 555.8 176
250 168 416 277
300 9.7 134 103
350 -17.5 -140 -110
400 34.6 -260 -95.8
450 -97.2 -388 -325
500 -201 -407 -378
550 -270 -689 -424
Table 4. Residual Stress Measurements for a 200 A Tungsten Thin Film
These values were plotted so an overall trend could be viewed and established. It is
interesting to note that although there was a spike seen in the Voltage vs. Power (Graph 2)
for Tungsten, there is no evidence of it having any effect on the residual stresses or the
deposition rates that were measured (via Profolometer) on the wafer.
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Stress Measurements - 200 A Tungsten Film on Silicon
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Graph 4. Residual Stress Measurements for a 200 A Tungsten Thin Film
Profolometery testing for residual stress present as the film thickness increased was done
to quantify its contribution to the overall stress. Each process was run at a constant power
setting and the deposition time was increased in an attempt to quantify nucleation force
affects on overall residual stresses that occur with thin film deposition. It was hoped that this
methodology may used in the future to determine and predict
nucleation forces between
dissimilar materials at the common interface.
Additionally, the author sought to better understand the forces that occur as layered
material thickness changes when the processing parameters are held constant. It is assumed
that as the thickness increases, the nucleation forces would become less of a factor than the
other behavioral characteristics between the two interfaced materials. As such, it was
assumed that the values ofmodulus of elasticity and coefficient of thermal expansion would
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become the deciding factors in the contribution of each material to the overall residual
stress. Table 5 and Graph 5 depict Profolometer stress measurements collected for the
Titanium material.
Titanium Stress Measurements with increasing thickness - 350 watts (inMPa)
Thickness (A) Average Maximum Center
500 -171 -217 -110
1000 -13.1 -18.2 -14.6
1500 295 328 273
2000 506 532 497
Table 5. Effects of increasing thickness ofTitanium on Residual Stress
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Graph 5. Effects of increasing thickness ofTitanium on Residual Stress
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It is interesting to note that as the thickness of the Titanium film increases there is a
change from compressive to tensile stress. The experiment was repeated for the Tungsten
target at a slightly higher power setting and the resulting residual stresses were measured
and recorded as shown in Table 6 and Graph 6.
Tungsten Stress Measurements with increasing thickness - 450 watt (MPa)
Thickness (A) Average Maximum Center
500 575 763 553
1000 346 377 343
1500 202 284 284
2000 9.7 134 103
Table 6. Effects of increasing thickness ofTungsten on Residual Stress
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Graph 6. Effects of increasing thickness ofTungsten on Residual Stress
RITM.J.PARTHUM - THESIS 73 8/5/2005
As the thickness of the Tungsten film increases the residual stress changes from tensile
to compressive stress, which is the exact opposite of the behavior of the Titanium thin-film.
This was expected because the two materials posses different coefficients of thermal
expansion and indicates which material is more likely to influence the overall residual stress
depending on the amount of material that is deposited. The rate of increase (or decrease) in
the residual stress that was measured could also depend on the modulus of elasticity of each
material. The direction of curvature and the amount of curvature would depend on which
material was stronger.
The next series of experiments was to quantify the stresses that exist between the two
materials that are being deposited. It was felt that the nucleation forces between Titanium
deposited onto Tungsten, and Tungsten deposited onto Titanium would be different than
either of those materials being deposited onto the Silicon substrate. Table 7 and Graph 7
document Profolometery-based stress measurements for Titanium being deposited onto
Tungsten.
Titanium Stress Measurements on Tungsten (MPa)
jr (watts) Average Maximum Center
200 -540 -717 -582
300 -574 -911 -620
400 -623 -1124 -706
500 -661 -1104 -799
Table 7. Titanium stress measurements on Tungsten
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Graph 7. Titanium stress measurements on Tungsten
The same experiment was conducted with Tungsten deposited onto Titanium. The power
was varied to see the effect the different processes had on residual stresses present due to
Titanium being the substrate. The wafers were measured via Profolometery and the data is
shown in Table 8 and Graph 8.
Tungsten Stress Measurements (on Titanium)
Power (watts) Average Maximum Center
200 723 1076 905
300 633 1012 637
400 562 936 587
500 378 655 338
Table 8. Tungsten stress measurements on Titanium
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Graph 8. Tungsten stress measurements on Titanium
Information from tables 7 & 8 (and shown in Graphs 7 & 8) was used to estimate the
processing parameters to create a near-zero residual stress multilayer composite with
subsequent experimental verification. Processing parameters used and the resulting stresses
that were measured via Profolometery, for a 1 5 layer sandwich composite wafer is shown in
Graph 9.
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Multilayer (15) Composite - Residual StressMeasurements



















Graph 9. Multilayer Composite - Residual Stress Measurements
As seen in Graph 9, the residual stress was lowered by three orders ofmagnitude when
process power changed from 400 watts to 250 watts. Wafers were processed and then
examined both visually and by SEM. Figures 32 through 37 are representative of the results
from the Method 2 wafer processing procedure. A variety ofMEMS devices were examined
for final geometry and condition as noted in the Figures. Devices were created using both a
9-layer (alternating Titanium and Tungsten) and a 15-layer process to demonstrate that the
overall thickness was not the determining factor in stress mitigation. Figures 32 and 33
particularly show the number of layers that were deposited using this multilayer composite
methodology.
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Figure 32. SEM Picture of a 9 layer Titanium/Tungsten composite
Because the Tungsten oxidizes when exposed to the Oxygen Plasma that is used in the
removal of the sacrificial material, it is easy to see the alternating Titanium and Tungsten
layers. The lighter colored layers are that of the Titanium and the darker layers are that of
the Tungsten. Titanium was the first and last layer to ensure the sandwich-structure
symmetry noted in section 4.10. The oxidation of tungsten and the adhesion of the first
thin-
film to the substrate were the likewise important considerations that needed to be addressed
duringmaterial selection in the design phase of this thesis.
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Figure 33. SEM of a 15 layer Titanium/Tungsten Composite
Figures 34 and 35 show SEM pictures which demonstrate the control that can be
achieved by using the Method 2 process. In Figure 34, the suspended beam of 100 um by 10
um appears to be in a compressive state. The upward bowing and deformation in the final
geometry are indicators of this structure being under compression. Figure 35 shows a beam
that was dislodged at one end yet its geometry is not indicative of a MEMS device under
compressive forces. .






Figure 34. SEM of 10pm by 100pm long beam
Figure 35. SEM of lOum by lOOum long beam that is dislodged at one end.
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Since the beam deflected outward very slightly instead of curing upward as it would if
the material was under extreme compressive loading as shown in SEM pictures ofMicro
mirrors (Figures 6 and 7). Hence the overall residual stress can indeed be controlled by this






Figure 36. SEM of 100pm diameter diaphragm.
Figure 36 shows a spider-type diaphragm used to demonstrate the removal of the
sacrificial material. Here the slight upward bowing was caused by minimal compressive
forces that were in the MEMS devices on that particular wafer after processing. The upward
bowing shown in here demonstrates a potential benefit that this process can have towards
the manufacturing ofMEMS devices by aiding in the sacrificial materials removal.
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Figure 37 SEM of 100 pm diameter sensor with a convex final geometry.
Figure 37 depicts a SEM taken from another wafer where the diaphragm had
perforations to allow for the removal of the underlying sacrificial material.
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7. DISCUSSION
7.1. ISSUES AND PROBLEMS ENCOUNTERED
One of the problems encountered was the issue of bonding forces between the different
types of materials used. Because of the locations of nucleation sites usually being where
discontinuities and grain boundary defects occur, some materials have higher bonding
energies than others. This can cause problems when the forces from the residual stresses
exceed those bonding energies at the interface. This problem was observed when attempting
to deposit Tungsten onto Silicon, or Tungsten onto Silicon Dioxide. When the residual
stresses present at that interface were high enough, there was delamination between the two
materials. (It is noted that this effect does exist and needs to be accounted for in the process
development and design.) This problem did not occur between the Titanium and a Silicon
substrate, or with a Silicon Dioxide substrate. The selection ofwhich material was deposited
first was hence driven by the issue ofbonding energy.
There was also another problem encountered when creating the MEMS devices. It was
observed that if the final layer of the multi-layer composite was Tungsten, there was
oxidation of that material when it the process required an oxygen plasma to be used in the
subsequent steps. This was noted because the top layer of the material became discolored
after the 02 plasma was used to remove the sacrificial layer and release the devices.
Although the overall change to the surface layer behavioral characteristics is unknown, it is
a certainty that it will change with
the oxidation of the Tungsten. To eliminate this problem,
it was decided that the Titanium material would be the first and last material deposited. This
could be a design constraint that needs to be considered when developing a process and
RITM.J.PARTHUM - THESIS 83
8/5/2005
material selection. There subsequent processing can affect a material that is present from
previous steps (a typical issue in the creation of Integrated Circuits andMEMS devices).
The problem of uniformity across the area of the wafer is present in all processing
applications. Although this is a common problem to the Integrated Circuit and MEMS
industry, it was actually a good indicator for this process development. Throughout all of the
steps in the process documented in this thesis, it was possible to maintain orientation of the
wafer with respect to feducial reference points. This was done to ensure that the highest
level of uniformity across the wafer's center line would be parallel to the wafers major flat.
The stress measurements that were taken using the Tencor P2 Profolometer required that the
wafer be loaded into the measurement tool with the major flat being at the back of the tool
and the needle (that crosses the wafer testing for surface irregularities and/or curvature of
the wafer when doing stress measurements) runs parallel to the major flat. Because of this,
the wafer's orientation was always kept with the major flat located so that the maximum
uniformity would result across the wafer, parallel to the major flat.
Many of the processes that were developed for use in this thesis were optimized to
achieve the best uniformity possible. Using the design intent of the equipment and
determining the processing parameters that were allowable, recipes were developed to
minimize changes in uniformity. Process notes are included with the equipment descriptions
for information sharing purposes (see Appendix 11.1). There were some tools where,
because of the equipment's design, it was not possible to achieve uniformity under 5% (a
default criteria for this thesis to ensure accurate results). As Henry Ford once said "If you
can't fix it, feature
it"




The reason that this ended up being an advantage to the development of both methods
was that the sputter system (CVC 601) used for Method 1 had side shields that were not
correctly located and the other sputter system (Perkin Elmer 2400B) used for Method 2 had
no shielding for the sputter targets. The shielding that is usually found on plasma vapor
deposition systems is used to create a uniform distribution of the material being deposited
onto the wafer. Because the eight inch target is circular, the plasma field and resultant
material that is deposited onto the wafer is itself a circular area. The wafers are placed on a
platen that is set to a constant speed of rotation. This passes the wafer under the target for a
short duration, but allows more than one wafer to be done at a time. Since the wafer is
located in a fixed position with respect to the center of the platen, the deposition across the
wafer would not be uniform without some correction to the plasma field.
The deposition in the direction of rotation would be uniform in the direction ofmotion
and the center of the wafer would have the most material deposited because it is under the
target the longest. The rotational motion of the platen allows for excellent uniformity across
the wafer in the direction of rotation but not perpendicular to the direction of rotation. The
parts of the wafer that are closer to the
"edges"
of the target, perpendicular to the direction
ofmotion do not have as much material deposited because the amount of time the wafer is
exposed to that area is less. The shields extend across the sides of the target, cutting down
the amount of exposure the wafer gets in the direction of rotational motion. Because there
were no shields in the Perkin Elmer PVD, non-uniformity from wafer center to edge along
the major flat ended up being a useful indicator.
Because there was a non-uniform thin-film being deposited perpendicular to the
direction of rotation the devices that were located from the wafer center to the edges would
transition the residual stress condition at the edges to that present in the center of the wafer.
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of the wafer where thinner films were deposited, visual or SEM
observations could be made for residual stress transitions. This was an indication of the
amount of residual stress versus the thickness ofmaterial layers and could be used for either
method in making corrections. An overall shift of tensile to near-zero stress, or compressive
to near-zero stress could be seen in the direction perpendicular to the rotational motion and
adjustments were be made accordingly. In Method 1 , it was just a matter of changing each
materials thickness to get a new overall ratio. In Method 2, it was a matter of adjusting the
processing parameters to alter the resulting stress from each thin film.
When this research was first being developed and material selection was being done,
there were constraints placed on the process by the methods used for deposition and removal
of thin films. This is the only limitation to the implementation of methodology as
documented here in, but this is changing rapidly. At the beginning of this research project
there was not a compatible method to remove multiple layers of Titanium and Aluminum
because the only material removal process available for Aluminum at that time was using
wet chemistry in the SMFL. To remove multiple layers of Titanium and
Aluminum would
have required the wafer to go into a dry etch plasma to remove the Titanium and then a wet
chemistry to remove the Aluminum. For a 16 layer composite this
would mean that the
wafer would have to back and forth between the two processes eight times. A time
consuming process which would
also expose the wafer to possible contaminants between
each process step. With the addition of the LAM 4600 Plasma Etch system which now uses
Chlorine gas, there is an alternate method for multilayer material removal
without the wafer
being removed from the tool.
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To create and encapsulate (in-situ) MEMS devise would require that the MEMS devices
would have to undergo further processing to deposit Silicon Oxide, or Polysilicon to create
encapsulation cavities. With standard LC. processes such as Low Pressure Chemical Vapor
Deposition (LPCVD) this would require the wafer (and the metal devices) to be exposed to
extremely high temperatures during deposition processes. The potential for damage to the
devices along with the possibility of contamination of the LPCVD equipment makes this
procedure impractical. With the addition of the PECVD to the SMFL there is now the
capability to deposit Silicon Oxide and Silicon Nitride materials onto a wafer possessing
metallicMEMS devices without risk to the devices from high temperature.
Continued developments in new tooling and process capabilities will continue to remove
barriers that exist for MEMS material selection. Multi-target sputter systems allow more
than two different materials to be deposited as well as new kinds of alloys, such as the
Metallic-Nitride materials, that could not be processed by traditional methods to be used.
Even the intermixing ofmetallic materials with insulators, such as silicon could be used with
the methods that are presented in this thesis to create a new classification ofMEMS devices.
Hence new composite structures that allow electrical capabilities to be added to the existing
mechanical abilities maybe possible in the near-future.
7.2. METHOD 1
Method 1 was the easier and faster (requiring less process and development time)
method to determine the correct ratios of material thickness in order to get a near-zero
overall residual stress. After the initial estimation was done and the first series of devices
were created, the visual inspection of the results determined that the corrections
to the
design equations were needed. It was interesting to note that the initial approximation was
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the opposite ratio of what was needed to create the near-zero residual stress devices. After
the first devices were created and the residual stresses were so large that the thin films were
delaminating, it was estimated that the nucleation forces that are compressive in nature were
a larger contributor to the overall results that were originally thought.
With each layer being only 200 A thick, the ability of the material to transition from the
dislocations that result from a deposition process and the differences in atomic spacing (both
of which are contributing factors for creating residual stress) to form a homogenous
thin-
film and have the
"bulk"
properties become dominant was not possible. The reversal of the
original ratio that was calculated gave much better results with some minor adjustments
needed to get the final geometry to were it could be demonstrated as near-zero residual
stress (flat). As can been seen by the experimental process, there were less steps and
developmentwork required to converge upon the correct thickness for each material.
From an industry and commercial applications viewpoint this method would make the
most sense. One of the problems with using Method 2 was that as the sputter targets
"age"
or become used, the deposition and power requirements for voltage and amperage will
change. Once this behavior is characterized, changes in deposition time versus sputter target
wear can be implemented to maintain the correct deposition thickness for each material as




Method 2 was more tedious to estimate the processing parameters that would be required
to get the proper amount of offsetting layer residual stresses to get an overall near-zero
residual stress. Industry practice documents processing parameters for each tool as part of
the initial equipment characterization and subsequent regular testing to insure process
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controls are being maintained. It would be more difficult to estimate process changes needed
to compensate for the wear of the sputter targets and make adjustments to keep individual
layer stresses constant and/or hold material thickness constant.
With the data collected using Method 2, the contributions to the overall residual stress
from both the Titanium and the Tungsten and the interaction between the two were apparent.
With this information, modeling and estimations for the cause and effect of the material
"bulk"
properties were already know, so the explanation of subsequent behavior could be
attributed to the unknown contributing factors, such as atomic spacing and the random
growth sites causing dislocations. This allowed the correct ratio of individual thickness for
both Titanium and Tungsten to be determined and implemented with successful results (as
demonstrated in this documented thesis). With almost all deposition tools the processing
parameters for the equipment are kept as a matter of standard operating procedure and
process control. Implementation ofMethod 2 would be quite simple with that information
already on hand.
With the state of the art equipment that is available today either method could be
implemented for process control and creation of multilayer materials of any overall total
thickness while still maintaining a near-zero residual stress state.
7.4. OBSERVATIONS AND DISCOVERIES
It was found that having a small amount of compressive residual stress present in
multi-
layered structures would aid in the removal of a sacrificial material. As the sacrificial
material was removed the device would bend slightly upward allowing access to the
underlying material that was being removed. With thin films having a tensile residual stress
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the device would tend to collapse as the underlying material was being removed which
would hinder or stop the removal process altogether. The incorporation of a slight
compressive residual stress into suspended devices would therefore increase the throughput
of the sacrificial material removal processes. This would help to decrease the processing
time and increase the production rate for the creation of MEMS devices. It would also
reduce the requirement ofhigher selectivity with the etchants that are used.
Using either method, it has been discovered that deposition thickness and/or processing
parameters can be adjusted to shift the neutral bending axis ofmulti-layered structures. This
is done so that each of the layer can have a larger residual stress for both materials and the
ratios of the material layer thickness can still be adjusted to ensure that the offsetting
internal stresses generate a zero (or near-zero) residual stress. As with pre-stressed concrete,
the build up of internal stresses could make MEMS structures stronger. This means that it
will take greater external forces to overcome the internal stresses that exist inside the
multilayer structure.
Preliminary testing on such devices by the author has shown that suspended micro
beams (10pm x 100pm) have been able to withstand much higher loading than previously
observed MEMS devices (personal observations). Is was noted that MEMS devices using
either method documented herein could be made much thicker than homogenous MEMS
devices primarily because homogenous
material residual stresses due to processing cause
their collapse. The beams created have withstood direct application of compressed air
and/or water with no visible damage. They have undergone bending stresses from a
Profolometer with the probe set to 0.5 mg and recovered to their original form. The beams
have been deflected downward into contact with the underlying substrate and returned to
their original position, over coming Van-der
Wall forces that occur when a micro device
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contacts with another material or surface (this is commonly referred in the industry as
"suction").
The devices that have large internal stresses that are being controlled are estimated to
have natural resonant frequencies shifted to higher frequencies. This would allow the
creation of cantilevered beams that would be sensitive to much higher frequencies than had
been previously been able to be obtained. This would allow the creation of sensors and RF
switches that would have new abilities to detect or function in these higher frequency
ranges without fear ofdegradation.
It was also seen that as the thickness of a homogenous layer of a material increased, so
did its contribution towards the residual stress against a substrate. What was interesting was
how. the different materials properties shifted the rate of change in this effect. With
Titanium having a lower Modulus ofElasticity, changing its thickness did alter the residual
stress but in much smaller amounts than when using the Tungsten. Tungsten having a
Modulus of Elasticity four times greater than Titanium was attributed to this effect, (see
graphs 7 & 8). This re-enforced the model of the material having the higher Modulus of
Elasticity would have the highest stress and the material with the lower Modulus of
Elasticity having the higher strain. It was evident that the lower Modulus meant that it was
more easily influenced by the stronger material.
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8. SUMMARY
Thin-film processes often create out-of-plane deformation of freestanding micro
machined films which negatively impact the performance ofMEMS devices. The principal
source of contour error is residual stress that results from thin-film fabrication processes
and structural release. The methodologies demonstrated in this thesis can be used for all
MEMS-type devices that require a suspended or moving component, a.planform geometry
held to specific tolerances, of any thickness. Once the ratio ofmaterials required to offset
the residual stresses is determined any number ofmaterial layered-pairs can be deposited to
reach an intended thickness.
The methodologies detailed in this thesis demonstrated the fabrication of simply
supported beams, cantilevered beams, and diaphragms for MEMS devices. These methods
may also be used for MEMS devices integrated with semiconductors devices. Specifically
during the fabrication of semiconductor devices, where residual stress between thin films
can cause layer separation or creep, and the methods detailed in this thesis may serve to
reduce or eliminate this problem. Integrated Circuit manufacture subject to thin-film stresses
from the use of different materials during manufacturing could also benefit from
implementation of either of the methods demonstrated herein.
These methodologies will assist in the integration of MEMS devices with the
controlling circuitry. Presser sensors, Accelerometers, Wireless communication, frequency
discrimination, microphones, and any device that requires a suspended layer or have the
ability to move will benefit from the methods detailed in this thesis. All of these devices
can suffer from thin-films residual stresses that will change the geometry and degrade
device performance. The device designer may also create final contour geometries with
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topology other than a flat surface. This will allow greater flexibility in the design of future
MEMS devices.
The current methodology also reduces the amount of time needed to remove
sacrificial layers for MEMS devices. This helps increase throughput time and increases
production rates. It also lowers the requirement for higher selectivity with the etchants that
are used. This methodology also allows any combination of materials to be used for the
fabrication ofMEMS devices. There is only the limit ofprocess compatibility that will limit
the selection ofmaterials used. There is no need to add secondary processes to overcome
problems that are the result of residual stresses between thin films (Annealing, Ion
Bombardment).
The need for strict process controls when using the equipment to make the desired
ratios of the materials is necessary to implement the design. During the development of the
methods used to create the prototypes of devices, there were issues with equipment (wear
on targets, shut downs, power outages, and equipment failures) that could cause processing
parameters to change. Careful attention must be paid periodic maintenance of the
equipment to ensure proper operability. It is equally important to observe the operation of
the equipment during processing to watch for any potential changes that may occur.
Calibration of gages and control systems are critical to ensure repeatable results. This
attention to detail was demonstrated during the development of both methods documented
in this thesis and allowed the success that has been demonstrated in this document
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9. FUTUREWORK
At this time certain combinations of materials will have restrictions due to
incompatibilities with the etching or deposition processes. Some materials have limited
types of processes that can be used for deposition and removal. It would be difficult to
intermix materials where one of the materials can only be removed by a dry etch process
and the other requires a wet etching processes. To keep manufacturing costs to a minimum,
in-situ processing, such as cluster tools, multiple target sputtering systems, etc. are
advantageous. To overcome these problems materials and process compatibility needs to be
taken into account. New equipment and technologies would need to be developed to allow
this methodology to be implemented for all material combinations.
The process used in developing Method 2 could help quantify the nucleation forces that
exist between different materials. If more experimental data was collected using a wider
range ofmaterials, it could provide the information to develop more sophisticated models.
Because nucleation forces are not well understood, additional empirical data is required to
synthesize models suitable for design purposes. Examples already exist for Bi-Metallic
and/orMultilayer bulk material applications, and certainMEMS devices.
It was observed that by changing the thickness of the materials in each/some of the
layers, the neutral axis can be adjusted so that each/some of the layer(s) has a larger amount
of residual stress. The ratios of the material layer thickness can still be adjusted to ensure
that the offsetting internal stresses are still controlled resulting in an overall equivalent
stress is still zero (or what ever the design intent is). This will cause a build up of internal
stresses that can make the device stronger. Although there was no specific quantification of
this effect, Preliminary testing on such devices has shown that suspended micro beams
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(10pm x lOOum) have been able to withstand loading of 0.5 mg and not break or collapse.
It was also observed that prototype beams have withstood direct application of compressed
air, and water with no visible damage. Other devices have undergone bending stresses from
using a Profolometer and recovered to their original form. The beams had been deflected
downward into contact with the underlying substrate and returned to their original position,
over coming the Van-der walls forces that occur when a micro device comes in contact with
another material or surface (this is commonly referred to as stiction). Further
experimentation with the appropriate equipment (Atomic Force Microscope, Nano-
Indentation, and others) for testing the strength of the devices the methods described in this
thesis should be done to investigate these observations. If this effect is present, it would
take greater external forces to overcome the internal stresses that exist inside the
multiplayer structure and effectively create a
"stronger"
material. This effect has significant
design implications in theMEMS world.
It has been written in research papers that the natural resonant frequency of bi-layer
material beams will change with temperature. It has been surmised that if the internal
stresses of a multilayer composite MEMS device were increased with this new
methodology that the natural resonant frequency would also be raised. This could mean that
ultra-high frequency RF type devices could be created using this method. It would require
specialized testing equipment to test these devices, but it is an area that should be
explored.
Rough estimates show that gigahertz frequencies could be achieved and if the off setting
stresses could be high enough and still controlled it would be possible to get into the
terahertz regime.
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There was also testing done to determine the amount of voltage bias that was required
to deflect the beams downward. Since there is no frame of reference to compare to, in that
devices that were made of similar thickness and using only one metallic material were not
able to be fabricated. It was found to require 35 volts to get the beam to deflect downward
and come into contact with the substrate. It is not known if this voltage value indicates an
additional strength was present in the device. It was observed and captured on video, that
when the beams and diaphragms came into contact with the surface they would return to
their original position once the voltage bias was released demonstrating that the devices had
sufficient internal strength to overcome the Van-der-Walls forces that are so dominant in
the MEMS world. There are reference materials in electronic fields that have some data
showing the correlation of voltage to attraction, but it does not correlate to the strength of
device. This area could looked into as another method for testing the strength of the devices
createdwith this method.
Within the past few years, there are research papers that explore the residual stresses in
MEMS cantilever beams that change the natural resonant frequency due to temperature
variation. Those research papers have substantial modeling that was developed to quantify
that behavior. It would be beneficial to see if any of those models could be adapted and
integrated with the methodologies detailed in this thesis.
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11.1. RECIPIES AND PROCESS SETTINGS
11.1.1. LTO - Silicon Oxide Deposition
Equipment: ASM LPCVD Furnace, Top Tube:




Gases used: Silane and Oxygen
Deposition rate: 50 A / minute
Deposition thickness: 5000 A
11.1.2. Silicon Oxide Etching
Equipment: Drytech Quad
Recipe: Oxide, Step 1, Chamber 3
Processing Parameters
CHF3 Flow: 70 seem
02 Flow: 5 seem
Pressure: 70 mTorr
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Power: 200 watts
Reflected Power: 0 watts
Time: 12:37 minutes
Etch Rate: 390 - 410 A / minute
Plate used: Quartz
11.1.3. Photolithography
Equipment Used: GCA 5x reduction Stepper
Recipe File: RFMEMS.V1
Processing Parameters : Pass 1 - Mask Level 1
Tolerance = 3
Scale Corrections (default for X & Y)
Orthogonality, PPM (default)
Leveler Batch Size =1
Wafer Diameter = 108.0000 mm




Step Size in Y direction
= 12.24000 mm
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Standard Keys = No
Right Alignment Die Center: R = 4, C = 6
Right Key Offset: X = 6.80000, Y = 5.70000
Left Alignment Die Center: R = 4, C = 1
Left Key Offset: X = 6.80000, Y = 5.40000
EPI Shift: X = 0, Y = 0




Focus Settings = 300
DXD Batch Characterization Size = -1 (no DXD)
Shift: X = 0.0, Y = 0.0
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XLMasking Aperture Offset = 0.00000
XRMasking Aperture Offset = 0.00000
YFMasking Aperture Offset = 0.00000
YRMasking Aperture Offset = 0.00000
XL Reticule Alignment Offset = 0.0
XR Reticule Alignment Offset = 0.0
Y Reticule Alignment Offset = 0.0
Reticule AlignmentMark Phase = N
A-RRAY or P-LUG = A
Dropouts: R = 0
11.1.4. Dry Etching - Chamber Preparation and Cleaning:
This process is necessary to prepare the chamber in order to insure that the deposition is
both consistent in material content and uniformity
Equipment: Drytech Quad
Recipe: 02 Clean, Chamber 4, Step 2
Processing Parameters
02 Flow: 100 seem
Pressure: 500 mTorr
Power: 400 watts
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Reflected Power: 250 watts
Time: 10:00 minutes
Plate used: Quartz
11.1.5. Carbon Deposition Processing:
Equipment: Drytech Quad
Recipe: MPC, Chamber 4, Step 1
Processing Parameters
CH4 Flow: 35 seem
Pressure: 300 mTorr
Power: 200 watts
Reflected Power: 0 watts
Time: 22:45 minutes
DC Bias: 116 Volts
Deposition Rate: ~ 220 A/minute -> 5000 A
Plate used: Quartz
11.1.6. Carbon Patterning:




Recipe: 02 Clean, Chamber 4, Step 2
Processing Parameters
02 Flow: 100 seem
Pressure: 300 mTorr
Power: 200 watts
Reflected Power: 0 watts
Time 1 1:00 minutes
Plate used: Quartz
11.1.7. Titanium and Tungsten Etching Chamber Preparation:
Equipment used: Drytech Quad
Recipe : 02 Clean, Chamber 2, Step 1
Process Constants:
02 Flow: 100 seem
Pressure: 300 mTorr
Power 200 watts
Reflected Power: 0 watts
Time: 5:00 minutes
Plate Used: Quartz
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11.1.8. Titanium and Tungsten Etching:
Equipment Used: Drytech Quad
Recipe: Nitride, Chamber 2 Step 1
Processing Parameters
SF6 Flow: 40 seem
02 Flow: 5 seem
Pressure: 90 mTorr
Power: 200 watts
DC Bias: 100-250 volts
Time -2:10 minutes for 3000 A film
Plate Used: Quartz




Base Pressure: 1.5 x 10-6 Torr or lower
Assist Gas: Argon
Gas Flow Rate: 1 1 to 12 seem
Deposition Pressure: 3 to 4 mTorr (approx)
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11.2. RECIPIES AND PROCESS SETTINGS - METHOD 2
11.2.1. Drytech Chamber Clean:
This process is necessary to prepare the chamber in order to insure that the deposition is
both consistent inmaterial content and uniformity
Recipe - 02 Clean, Chamber 4, Step 2
Process Constants
02 Flow: 100 seem
Pressure: 500 mTorr
Power: 400 watts
Reflected Power: 250 watts
Time: 10:00 minutes
Plate used: Quartz
11.2.2. Carbon Deposition Processing:
RecipeMPC, Chamber 4, Step 1
Process Constants
CH4 Flow: 35 seem
Pressure: 300 mTorr
Power: 200 watts
Reflected Power: 0 watts
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Time: 22:45 minutes
DC Bias: 116 Volts
Deposition Rate: - 220 A/minute -> 5000 A
Plate used: Quartz
11.2.3. Carbon Patterning: recipe 02 Clean, Chamber 4, Step 2
Process Constraints:
02 Flow: 100 seem
Pressure: 300 mTorr
Power: 200 watts
Reflected Power: 0 watts
Time 1 1:00 minutes
Plate used: Quartz
11.2.4. Titanium and Tungsten Etching Chamber Preparation:
02 Clean, Chamber 2, Step 1
Process Constants:
02 Flow: 100 seem
Pressure: 300 mTorr
Power 200 watts
Reflected Power: 0 watts
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Time: 5:00 minutes
Plate Used: Quartz
11.2.5. Titanium and Tungsten Etch Process: recipe - Nitride,
Chamber 2 Step 1
Process Constraints:
SF6 Flow: 40 seem
02 Flow: 5 seem
Pressure: 90 mTorr
Power: 200 watts
DC Bias: 100-250 volts
Time -2:10 minutes for 3000 A film
Plate Used: Quartz
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